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and kidney function has not been examined in healthy women. Results of studies do not agree regarding the effects of postmenopausal estrogen therapy upon eGFR (8) (9) (10) and albuminuria (11) (12) (13) .
Similarly, few reports of endogenous sex hormone concentrations and markers of kidney function exist in healthy men without end-stage renal disease (i.e., those who are dialysis dependent). Results of two crosssectional studies suggested that lower testosterone concentrations are associated with poorer eGFR among men (14, 15) , with one small study noting that lower dehydroepiandrosterone sulfate (DHEAS) concentrations were associated with higher urinary albumin excretion among men with diabetes (16) . Another report indicated higher estradiol levels may also be associated with more advanced CKD among men after adjustment for other CKD risk factors (15) . To our knowledge, other sex steroids such as dihydrotestosterone have not been examined in relation to kidney markers, although dihydrotestosterone, rather than testosterone, is associated with incident diabetes (17) , cardiovascular disease, and mortality (18) , and administration of dihydrotestosterone and not testosterone affects sodium channel expression in rat models (19) .
The Diabetes Prevention Program (DPP) was a randomized controlled trial in which men and women who were overweight and glucose intolerant were enrolled (20) . The follow-up study, the Diabetes Prevention Program Outcomes Study (DPPOS), is in its 15th year and has continued to ascertain incident diabetes as well as microvascular complications including nephropathy (21) . Estimated GFR and albumin-to-creatinine ratio (ACR) were assessed at baseline for the entire cohort, and serum measures of sex hormone-binding globulin (SHBG), dihydrotestosterone, testosterone, estradiol, estrone, and DHEAS were measured in stored samples. For the current report, we examined whether sex hormone concentrations were cross-sectionally associated with measures of kidney function, as estimated by eGFR, and kidney damage, as represented by ACR. We also examined whether endogenous sex hormone concentrations at baseline predicted at least one measure of subsequent low eGFR and/or incident albuminuria among the subset of participants without abnormalities in eGFR and albuminuria at baseline. On the basis of published reports in men, we hypothesized that lower total testosterone and higher estradiol concentrations would be associated with increased risk of low eGFR and higher risk of albuminuria in men. On the basis of reports of estrogen therapy in women, we hypothesized that higher endogenous estradiol levels would be associated with lower risk of reduced eGFR and higher risk of albuminuria in women.
Design and Methods

Participants
The design, methods, and baseline characteristics of the DPP have been described (22) . Briefly, 3234 participants were recruited across 27 clinical centers located throughout the United States. Inclusion criteria were age $25 years, body mass index (BMI) $24 kg/m 2 ($22 kg/m 2 for Asian Americans), a fasting plasma glucose level of 5.3 to 6.9 mmol/L (95 to 125 mg/dL), and a 2-hour plasma glucose level of 7.8 to 11.0 mmol/L (140 to 199 mg/dL) after an oral 75-g glucose load, with exclusion criteria previously described (21) . Eligible participants were randomly assigned to one of three interventions: 850 mg of metformin twice daily, placebo twice daily, or lifestyle intervention. The goals of lifestyle intervention were to achieve and maintain a weight reduction of $7% through consumption of a low-calorie, low-fat diet, plus moderate physical activity for $150min/wk. Due to the possibility of random assignment to metformin use, men were excluded if their serum creatinine level was $1.4 mg/dL and women were excluded if their serum creatinine level was $1.3 mg/dL, and adults older than 80 years were excluded if their creatinine clearance was ,75 mL/min based on a 24-hour urine collection (22) . Use of thiazide diuretics or b adrenergic antagonists was an exclusion criterion, but other classes of antihypertensive agents including angiotensin-converting enzyme (ACE) inhibitors and angiotensinreceptor blockers were permitted. Each participating institution was overseen by its respective ethics review board.
At the conclusion of the DPP, participants had been followed for an average of 3.2 years. The placebo and metformin groups were unmasked as to their treatment assignment, and all participants were offered the lifestyle intervention in a group format during a 1-year bridge period (23) . The surviving consenting members (n = 3149) of the three original treatment arms were invited to participate in DPPOS; 88% (n = 2776) joined. Maintenance group lifestyle sessions were offered quarterly to all DPPOS participants and metformin continued to be provided to participants originally randomly assigned to metformin treatment who remained eligible. The DPPOS is ongoing and participants in the current analysis had been followed for an average of 15 years since random assignment.
A substudy was conducted of participants who approved use of their blood samples for secondary analyses and who had sufficient prerandomization sera samples. Of the 1043 male participants, sex hormone levels were measured for 970 who were not using exogenous sex steroids at DPP baseline or DPP 1-year follow-up, and thus were included for this analysis. Of the 2191 female participants, sex hormone levels of 2008 were measured. Of these women, 1406 were not using exogenous sex steroids at baseline or 1-year follow-up, and thus were included for this analysis. In addition, we excluded two women who had testosterone levels .11 nmol/L in analyses of testosterone, and three women and one man with elevated estrone and estradiol concentrations consistent with exogenous supplementation.
Sex hormone measurements
Sex hormones were measured by Endoceutics (Quebec City, QC, Canada). SHBG levels were measured using an ELISA (Bioline, Taunton, MA) with interassay coefficients of variation of 7.8% and 5.0% at 18.2 nmol/L and 63.1 nmol/L, respectively. Sex steroids were measured using gas chromatography/mass spectrometry (24) . Bioavailable testosterone concentrations that incorporated testosterone and SHBG concentrations were calculated and also examined for men (25) . The lower limit of detection for DHEAS was 20 ng/mL and for dihydrotestosterone, testosterone, estradiol, and estrone were 2, 10, 0.2, and 10 pg/mL, respectively. The lower limit of quantification for DHEAS was 100 ng/mL and for dihydrotestosterone, testosterone, estradiol, and estrone were 10, 50, 1, and 4 pg/mL, respectively. Interassay variation (coefficient of variation) was 8.9%, 10.7%, 7.0%, and 12.5% for dihydrotestosterone, testosterone, estradiol, and estrone, respectively, at the lower limits of quantification level. Values were extrapolated below the lower limit of quantification using MassHunter software (Agilent, Santa Clara, CA); briefly, because standard curves for estradiol and testosterone gave excellent coefficients of determination (R 2 . 0.998) with a y-intercept near zero, it can be acceptable to extrapolate concentration values with acceptable accuracy and precision using linear regression weighted 1/concentration.
Covariate measurements
At the time of random assignment during DPP, a screening questionnaire enquired about women's menses. Women were classified as postmenopausal if they reported absence of menses for at least 1 year, bilateral oophorectomy, and/or hysterectomy and age $55 years. BMI, blood pressure, history of smoking, and medication use information were obtained on annual examination using published methods (22) . Glucose and insulin values, lipid profiles, and high-sensitivity C-reactive protein (CRP) were performed at the Central Biochemistry Laboratory (Northwest Lipid Research Laboratories, University of Washington, Seattle, WA) as previously reported (26) . Insulin sensitivity was assessed by the homeostatic model assessment of insulin resistance (HOMA-IR) (27) .
Kidney function measurements
At DPP baseline and annually during the DPPOS, serum and urinary creatinine concentrations were measured using Roche reagents on the Hitachi 917 autoanalyzer (Boehringer Mannheim, Mannheim, Germany). For serum creatinine, inter-and intra-assay CVs were 3.5% and 3.2%, respectively; urinary creatinine inter-and intra-assay CVs were 1.8% and 1.2%, respectively. We calculated eGFR using the 2009 Chronic Kidney Disease Epidemiology collaboration serum creatinine equation (28) . Urinary albumin excretion was estimated from a morning fasting spot-urine sample by the ACR (i.e., milligrams of albumin per gram of creatinine). Urinary albumin concentrations were measured using Behring reagents on the BN II nephelometer (Dade Behring, Deerfield, IL); inter-and intraassay CVs were 4.4% and 4.3%, respectively.
Statistical analysis
Men and women were examined separately. For baseline characteristics, categorical variables are reported as number (%), and quantitative variables are reported as mean (SD) or median (interquartile range) with normal and skewed distributions, respectively ( Table 1) . Because of its skewed distribution, ACR was log transformed when examined as a continuous variable. For 184 participants with ACR values below detection limit, a value of 0.23 was assigned (29) .
Linear regression models were created to examine crosssectional associations between baseline measures of sex hormone levels with baseline measures of eGFR and ACR (Table 2) . For these models, each regression unit was the standard deviation of the sex hormone value to enable comparisons of the strength of association across sex hormones. Models were adjusted for known risk factors for kidney disease at DPP baseline, including age, race or ethnicity, BMI, systolic and diastolic blood pressures, homeostatic model assessment of insulin resistance, high-density lipoprotein and CRP levels, and lack of protective medications including ACE inhibitors, angiotensin receptor blockers, and calcium channel blockers. Two interaction terms were evaluated: between sex hormones and menopausal status in women and between sex hormones and race or ethnicity. Interactions terms were not significant at P , 0.10, and thus results pool associations across racial or ethnic and menopausal groups.
Next, we examined the relationship between sex hormone levels and presence of low eGFR or albuminuria during the DPP and the DPPOS, using Cox proportional hazards models in men (Table 3 ) and women (Table 4 ). In these longitudinal models, only men (n = 889) and women (n = 1281) without kidney disease at baseline were included. In the longitudinal models, incident reduction in eGFR was defined as eGFR ,60 mL/min/ 1.73 m 2 and incident albuminuria was defined as ACR $30 mg/g (2). Each regression unit was the standard deviation of the sex hormone to enable comparisons of the strength of association across sex hormones. Multivariable models were adjusted for baseline covariates noted in cross-sectional models, as well as baseline eGFR and baseline log ACR. The initial set of models stratified by DPP randomization arm and evaluated for heterogeneity of treatment group, and another set of models adjusted for randomization arm. Because not all associations were homogeneous across treatment group, stratified analyses are presented. The proportional hazards assumption of the models was confirmed using residuals.
We conducted several sensitivity analyses. First, we examined the relationship between sex hormone levels and change in eGFR and change in albuminuria, using linear regression models in men and women. We used repeated measures analysis (mixed models) the coefficients provide estimates of the increase or decrease in eGFR or the log of the albuminuria value over time from baseline for each SD increase in the hormone at baseline. In these models, we also examined associations in premenopausal women and postmenopausal women separately. Finally, we examined whether associations observed between SHBG level and renal function differed by strata of BMI. Analyses were performed using the SAS, version 9.2 (SAS Institute) and all tests were two sided with statistical significance set at P , 0.05. Table 1 lists participant characteristics at baseline by sex. The median (SD) age of men and women was 54 (11) years and 47 (10) years, respectively; approximately onefifth of men and 45% of women were younger than 45 years. Among the women, 908 were premenopausal and 498 were postmenopausal. Approximately half of the participants were non-Hispanic white. In accord with DPP enrollment criteria, participants were overweight or obese and had elevated glucose levels. The majority of participants had blood pressure and lipid levels within normal range and did not smoke or use ACE inhibitors, angiotensin receptor blockers, or calcium channel blockers.
Results
Sixty percent of men and 76% of women had eGFR .90 mL/min/1.73 m 2 , and approximately 93% of both men and women had ACR ,30 mg/g. Table 2 lists the cross-sectional associations between baseline sex hormone measures with baseline measures of continuous eGFR and ACR before and after adjustment for covariates in linear regression models. Among men, before adjustment for covariates, higher DHEAS concentration was associated with higher eGFR, and higher dihydrotestosterone, testosterone, and SHBG concentrations were associated with lower eGFR. However, after adjustment for covariates, higher concentrations of estradiol were significantly associated with lower eGFR, and higher concentrations of DHEAS were associated with higher levels of the log of the ACR. Among women, before adjustment for covariates, lower DHEAS, testosterone, estradiol, and SHBG levels were associated with lower eGFR. Higher DHEAS, testosterone, and SHBG levels were associated with higher levels of albuminuria. However, in adjusted models, only estrone was associated with eGFR.
During the 11 years of follow-up in DPPOS, albuminuria developed in 187 men (24.6%) and 263 women (24.2%) on at least one measurement and eGFR ,60 mL/min/1.73 m 2 Table 3 lists the associations between baseline sex hormone measures and incident low eGFR and/or albuminuria among men after adjustment for covariates. Higher concentrations of SHBG at baseline were associated with lower risk of low eGFR in pooled analyses. For testosterone, estradiol, estrone, and dihydrotestosterone, association between sex hormone levels and incident low eGFR varied across randomization arm (P for test of homogeneity , 0.05), although the number of incident events was small within each randomization arm. Among men randomly assigned to placebo who thus underwent minimal intervention for diabetes risk reduction, higher levels of testosterone, bioavailable testosterone, estradiol, and estrone were protective from low eGFR, in contrast with the lifestyle group, which had higher risk for low eGFR with higher baseline testosterone levels. No sex hormone measures at baseline were associated with incident albuminuria.
Among women originally randomly assigned to the placebo group, incident albuminuria developed in 101 (25%) and incident low eGFR developed in 47 (11.7%). Among women originally randomly assigned to lifestyle modification, incident albuminuria developed in 82 (23.6%) and incident low eGFR developed in 35 (10.1%). Among women randomly assigned to receive metformin, incident albuminuria developed in 80 (23.6%) and incident low eGFR developed in 41 (12.1%). Table 4 lists the associations between baseline sex hormone measures and incident abnormalities among women after adjustment for covariates.
Among women, no sex hormones were consistently associated with low eGFR or albuminuria across randomization b Adjusted for race or ethnicity; age at random assignment; BMI; systolic and, diastolic blood pressures; levels of fasting glucose, 2-hour glucose, fasting insulin, LDL, high-density lipoprotein, HbA1c, and CRP; use of ACE inhibitors, angiotensin-receptor blockers, and calcium channel blockers; and menopause status. None of the interactions between race and hormone or menopause and hormone (women) were statistically significant, so adjusted models are run in the overall group adjusted for race and/or menopause.
doi: 10.1210/jc.2018-01495 https://academic.oup.com/jcemarms. The association between DHEAS levels and incident abnormalities varied across randomization arm (P for test of homogeneity , 0.05). As with men, the number of incident events was small within each randomization arm. Sex hormones were not associated with impaired eGFR among participants randomly assigned to lifestyle or metformin treatment groups, with the exception of higher DHEAS concentrations among women randomly assigned to receive metformin. Bioavailable testosterone concentrations in women were low, with minimal variability, and estimates of association were unstable and thus not included. In sensitivity analyses, higher concentrations of SHBG were associated with lesser declines in eGFR among men randomly assigned to lifestyle intervention [hazard ratio (HR), 1.09; 95% CI, 0.025 to 2.15] and metformin (HR, 1.17; 95% CI, 0.039 to 2.31), as well as pooled across study arms (HR, 0.96; 95% CI, 0.31 to 1.61). Other sex steroids were not associated with changes in eGFR, and no sex hormones were associated with changes in the log of the albuminuria value. Similarly, among women, sex hormones were not associated with changes in eGFR or changes in albuminuria. We did not observe that associations between sex steroid levels and declines in renal function were more pronounced in postmenopausal women than in premenopausal women. c HRs represent the incident kidney marker abnormality per change in standard deviation of sex hormone adjusted for baseline eGFR and log of ACR and randomization arm, age at random assignment, race or ethnicity, BMI, systolic and diastolic blood pressures, homeostatic model assessment of insulin resistance, levels of high-density lipoprotein and CRP, and use of ACE inhibitors, angiotensin-receptor blockers, and calcium channel blockers. d P , 0.05 for homogeneity across treatment group in hormone and incident abnormalities.
Discussion
Although epidemiologic reports have noted sex differences in the prevalence of kidney disease, few studies, to our knowledge, have examined whether endogenous sex steroid measures are associated with eGFR and albuminuria. No reports we found included women, and only one report studied men (15) . We examined a cohort of healthy, midlife adults without CKD but with key risk factors for abnormalities such as obesity and glucose intolerance. Among men, SHBG level was associated with a lower risk of at least one measure of reduced eGFR across all treatment groups, even after adjustment for numerous other risk factors for CKD. Among women, few key associations across randomization arm were observed after adjustment for other known risk factors for kidney disease. Although the small number of events per randomization arm limited definitive conclusions, higher endogenous testosterone, estradiol, and estrone concentrations were associated with lower risk of reduced eGFR among men randomly assigned to the placebo group, whereas higher DHEAS levels were associated with impaired eGFR among women treated with metformin.
Our findings suggest that the relationship between sex hormone levels and markers of kidney function may differ by sex, in that low SHBG level may be a risk factor for abnormal kidney indices in overweight, glucose intolerant men but not women. Several population-based reports have noted that the prevalence of CKD differs between men and women, although the direction of this association differs by geographic region (30) . Reports from Sweden (31) and the United States (32) noted a higher prevalence of stage 3 or higher advanced CKD in women compared with men, whereas reports from China noted a lower prevalence in women (33) . Populationbased reports have also noted that the prevalence of end-stage renal disease may be higher in men (34, 35) . Although these observations of sex differences have led to speculation regarding the potential role of sex hormones, no studies, to our knowledge, have examined whether endogenous sex steroids are associated with eGFR or albuminuria in women. c HRs represent the incident kidney marker abnormality per change in standard deviation of sex hormone adjusted for baseline eGFR and log of ACR and randomization arm, age at random assignment, race or ethnicity, BMI, systolic and diastolic blood pressures, homeostatic model assessment of insulin resistance, levels of high-density lipoprotein and CRP, and use of ACE inhibitors, angiotensin-receptor blockers, and calcium channel blockers. d P , 0.05 for homogeneity across treatment group in hormone and incident abnormalities.
Our findings regarding minimal associations between sex hormone levels and kidney markers across randomization arms, along with the favorable associations with estradiol, estrone, and testosterone concentrations among men randomly assigned to placebo differ from results of a previous study in men that suggested higher estradiol level was associated with lower eGFR. Using data from the National Health and Nutrition Examination Study, Yi et al. (15) reported that estradiol rather than testosterone concentrations were associated with kidney dysfunction. Our findings may have differed from prior studies because of the overweight and glucoseintolerant status of the DPP participants or due to our longitudinal study design. When we performed crosssectional analyses, we observed that higher estradiol level was associated with lower continuous measures of eGFR. The change in the direction of the association suggests that higher estradiol at baseline may be associated with lower rates of progression over time. Results of studies of rat models have supported favorable effects of estradiol, specifically that estradiol inhibits podocyte apoptosis and tumor growth factor-b 1 expression even as testosterone induces such processes in female knock-out mice (36) , and estradiol administration also decreases extracellular matrix production and glomerulosclerosis (37) . Other reports have noted an association of estradiol with other favorable processes in the kidney, such as inhibition of the renin-angiotensin system, endothelin synthesis, and oxidative stress (3, 7, 38) .
In studies of exogenous estrogen therapy, researchers have noted this treatment may result in poorer kidney markers in otherwise healthy postmenopausal women (8, 9, (11) (12) (13) , suggesting that higher levels of endogenous estradiol or estrone might be associated with lower eGFR or higher levels of albuminuria in women. However, we did not find an association between estradiol or estrone concentration in women and kidney dysfunction, perhaps because we adjusted for other known risk factors for kidney disease such glucose, blood pressure, and lipid levels known to be associated with endogenous and exogenous estrogen. Among women randomly assigned to metformin treatment, we did find that women with higher endogenous DHEAS levels had increased risk of reduced eGFR. These findings suggest that increased androgenicity in women may be associated with increased risk of abnormal eGFR. However, the lack of associations between testosterone level with kidney markers and the lack of association across randomization arms suggests that such associations, if any, are modest. Our findings may have been biased to the null because estradiol fluctuates over the menstrual cycle for premenopausal women, and estradiol concentrations are also low in postmenopausal women generally.
Although we adjusted for BMI as well as insulin resistance, the association between SHBG level and kidney measures may be due to residual confounding by these measures. SHBG is manufactured primarily by the liver, and SHBG production is lower among persons with hepatic steatosis and associated visceral adiposity and glucose intolerance (39) . However, it is also possible that the association between SHBG level and renal disease may be due to direct effects of SHBG upon the nephron. In mouse models, intracellular SHBG accentuates androgen-dependent mechanisms of proximal convoluted tubule cells, resulting in increased androgen uptake (40) . Thus, SHBG may have ameliorated androgen-mediated tissue-specific effects.
The strengths of this report include a cohort well characterized for risk factors of CKD. We also used sensitive mass spectrometry to measure sex steroid concentrations. However, there are several limitations. We examined multiple sex steroids and SHBG, and due to the heterogeneous nature of associations across treatment arms, we performed multiple comparisons. Thus, some of the observed associations may have been due to chance and thus need to be replicated. Free fractions of sex steroids were not directly measured, and the optimal method of estimating bioavailable testosterone in lieu of direct measurements is controversial because of possible changes in binding affinity with age and population characteristics. Similar to previous reports of other data sets, we examined whether sex hormones were associated with one measure of reduced eGFR or albuminuria rather than sustained abnormalities due to the small number of participants who have developed chronic abnormalities. Finally, our results may not extend to persons who are not overweight or glucose intolerant. Previous reports have noted that body composition and glycemia may have bidirectional associations with sex hormones (41, 42) and thus may have altered the pattern of associations with kidney markers.
We conclude that the associations between sex hormone levels and abnormal kidney markers may differ between overweight and glucose-intolerant men and women. In particular, among men, low SHBG and low testosterone, estradiol, and estrone concentrations may be risk factors for abnormal kidney markers even after adjustment for multiple other risk factors for kidney disease. Studies should examine whether these associations exist in other cohorts with sustained CKD and whether the pattern of associations is similar to those observed in persons using exogenous sex steroid therapy.
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